Myocardial blood flow in 16 patients before and after coronary bypass surgery in conjunction with coronary angiography, left ventricular function measurement, and graded exercise test. Radioactive`33Xe was injected into the coronary artery or bypass graft and the washout was recorded by an Anger camera. Myocardial blood flow increased in 11 out of 14 patients and decreased in three patients. The average flow was 55 (+6) preoperatively and 96 (+10) ml 100 g/min postoperatively. Increase of blood flow occurred in both the bypassed left anterior descending coronary artery (LAD) region and the nonbypassed left circumflex coronary artery (LCIR) region. The postoperative flow increase and the absolute postoperative flow values are higher with saphenous vein than with mammary artery grafts. Statistically significant correlation is not found between myocardial blood flow changes and exercise tolerance. The volume measurements (end diastolic volume, stroke volume, ejection fraction) remained unchanged.
SEVERE ATHEROSCLEROTIC OBSTRUCTION
in the coronary arteries can reduce the myocardial blood flow to a dangerously low level. The hemodynamic objective of coronary bypass surgery is to re-establish adequate blood flow to the jeopardized myocardial segments.1 Universal acceptance of bypass surgery has been retarded by the lack of objective evaluation of this procedure in intact man. Methods presently employed to evaluate postoperative results such as coronary angiography, ECG, exercise tolerance test, symptom improvement do not measure blood flow and provide only indirect information about the effectiveness of myocardial revascularization.
Experimental results2 6 indicate that myocardial blood flow can be objectively measured by injecting radioactive 133Xe into the coronary arteries and by recording the washout rate with an autofluoroscope or gamma camera.
For the past year, we have been using the radioactive Xenon washout technique for the objective measurement of myocardial blood flow before and after coronary bypass surgery. The purpose of this study is to report our findings and to correlate blood flow with left ventricular volume and pressure measurements, the results of the exercise tolerance test, and the relief of clinical symptoms.
Materials and Methods
Sixteen patients were studied before and after coronary bypass surgery. The patients included 15 males and one female, and their ages ranged from 35 to 65 (average age = 52.5) years. They were studied an average of 1.3 months before surgery. The follow-up examinations were performed an average of 4.4 months after surgery. The patients gave their informed consent to the study.
Fourteen patients had left (LAD) and two had right coronary artery (RCA) bypass surgery. Those patients with multiple grafts were found to have at least one of the grafts patent.
Each patient had pre-and postoperative coronary arteriography, left ventriculography, left ventricular volume measurements and 133Xe flow studies. In ten patients, a graded treadmill exercise test was performed both before and after coronary bypass surgery. In the remaining six patients, only postbypass exercise tests were done. Circulation, Volume 52, July 1975
Our methods used for`33Xe flow studies have been described in detail in a previous report.5 First, the pressure in the left ventricle was measured; and a cine left ventriculogram was made with the patient in the right anterior oblique position. Then, selective coronary angiography was performed.7 After the review of the coronary arteriogram, the catheter was re-inserted into the coronary artery of interest, located by using small test injections. The patient was turned into the lateral projection under fluoroscopic control and placed under the Anger camera on a floating X-ray table. Five minutes always elapsed between positioning the catheter and injecting '33Xe to eliminate the transitory vasodilatory effect of the contrast medium. It has been shown in our laboratory that baseline hemodynamic conditions are re-established within five minutes of the injection of contrast medium. Radioactive 13'Xe dissolved in Ringer's solution was injected selectively through the catheter into the arteries or grafts. In five patients, radioactive`33Xe was injected both into the coronary artery and bypass graft during the post operative evaluation.
The distribution and the amount of radioactive`33Xe in the myocardium was detected with a Nuclear-Chicago Phogamma camera, Model 6403, and recorded with a Nuclear-Chicago Data Store accessory with video and audio playback. Time activity curves were obtained over selected areas of the myocardium. The angiographic findings guided the selection of the regions of interest. At the time of postoperative re-examination, identical areas of the myocardium were selected; and the values for the flows were compared. The flow rates were determined graphically.8
The dead time of the gamma camera system was ten microseconds. The highest counting rates never exceeded 80,000 to 100,000 counts per minute. The relative error in the correct counting rate introduced by the dead time was less than 2%, at most. This component of error was much smaller than the component of error due to biological variation. The left ventricular volume was calculated from single plane cine left ventriculograms.9 The end-diastolic pressure measurements were recorded before and after the left ventriculogram using a Statham P103 transducer and a Sanborn multichannel recorder.
The patients performed a graded treadmill exercise test according to Bruce's technique.'0 The blood pressure was recorded every 90 sec during exercise. A 12-lead electrocardiogram was recorded while the patient was at rest. The patient was exercised until symptoms developed (angina or fatigue) or a minimum of 1 mm horizontal ST-segment shift occurred. The ST-segment shift during exercise was determined from ECG recordings made every 30 sec. The pulse rate X the systolic blood pressure/100 (PR-SBPP) was calculated before exercise, at various times during exercise, and at the time when the test became positive.
The coronary angiography and`33Xe blood flow studies were performed within 24 hours following the exercise test. In ten patients exercise tests were performed both before and three to six months after the coronary bypass surgery. In the remaining six patients, only postbypass exercise tests were done.
For the statistical evaluation, the mean and standard deviation, partial and Spearman rank correlation coefficients, simple and paired Student's t-test were used to compare preoperative and postoperative results." Results bypassed left anterior descending coronary artery increased in eleven out of fourteen patients and decreased in three patients. The average flow was 55 (+ 6) preoperatively and 96 (+ 10) ml/100 g/min postoperatively ( fig. 1 ). There is a marked variation of the flow, especially following surgery, but the chance that the pre-and postoperative results are from the same population is less than 1 % according to Student's t-test. In two cases with a bypass graft to the right coronary artery there was no change in one patient while there was a 50% increase in the blood flow of the other. In five patients, the pre-and postoperative values for the blood flows were compared not only in regions supplied by the bypassed left anterior descending coronary artery but also in regions supplied by the circumflex. Blood flow in the region of the circumflex provided a comparison for blood flow in the region of the left anterior descending coronary artery. The patients' left circumflex vascular bed, therefore, provided control values for blood flow pre-and postoperatively. If the flow measured in the circumflex and left anterior descending regions was compared preoperatively, there was no significant difference in spite of severe stenosis of the left anterior descending. Postoperatively, however, a statistically significant increase of blood flow occurred (at a confidence level of 98%) in both the bypassed LAD region and the nonbypassed circumflex region ( fig. 2 ; table 2 ).
Correlation Between Pre-and Postoperative Flows
Correlation Between the Type of Graft and Myocardial Blood Flow Thirteen patients had a bypass surgery to the LAD (table 3, fig. 3 ). In 4 patients a single saphenous bypass graft was used, in five patients the left internal mammary artery was used, and in four patients more than one graft was used. Each group showed an increase in flow postoperatively ( fig. 3 ). The flow increase appeared to be greater with a saphenous bypass graft than with a mammary bypass graft. Also, the absolute postoperative flow values appeared to be higher with saphenous vein grafts. Although there seemed to be a trend, statistical proof of significance could not be obtained because of the large standard deviation. Abbreviations: Pt = patient; Sten = stenosis; LAD = left anterior descending; L Cir = left circumflex: R Cor = right coronary; Post des = posterior descending; Pat = patent; Occ = occluded; V = vein graft; IM = internal mammary artery; L MUS = muscular branch of LAD.
Correlation Between Regional Myocardial Blood Flow and Angina
Out of 16 patients, seven claimed complete relief of chest pain. Six of these seven showed increased myocardial blood flow in the bypassed region. Six Comparison of blood flow through a region supplied by a graft with a region without a bypass graft. The difference between pre-and postoperative blood flow rate in the LAD artery was significant at P < 0.02. patients reported partial relief from angina, and five of these six had improved regional myocardial flow. One patient had no relief from chest pain and showed a decreased postoperative myocardial flow. Eleven patients who had angina pectoris preoperatively and showed improved myocardial blood flow postoperatively also claimed partial or complete relief from angina. Correlation Between Regional Myocardial Blood Flow and Left
Ventricular Function
The volume measurements (end-diastolic volume, end-systolic volume, stroke volume, and ejection fraction) remained unchanged and normal postoperatively. ( statistically significant, increase occurred in the pulse rate from the preoperative (68 ± 3 heart beats/min) to the postoperative rate (76 + 2). The two populations were different with a probability of 96%.
A statistically significant decrease was also shown postoperatively by the end-diastolic pressure before the injection of contrast medium for the left ventriculogram (from 11 + 1 to 8 + 0.7; P < 0.05).
The left ventriculogram showed improved left ventricular contraction of four of eight cases (patients 6, 7, 9, 16) . Three of these patients had increased flow in the region of the LAD postoperatively, one had decreased flow (6, 7, 10, 16) .
Correlation Between Graded Treadmill Exercise Test and Results of the '33Xe Flow Studies
The value of pulse rate X systolic blood pressure/100 (PR-SBPP) at the time when the test became positive was interpreted as indicating approximately the cardiac load at which the level of myocardial oxygen demand was greater than the available supply. Increase in the myocardial flow would be expected to increase the pulse rate-systolic blood pressure. The total duration of exercise was also recorded. Table 5 shows the results of the exercise tests.
In five patients the duration of exercise, the PR- Regional myocardial blood flow of the LAD supplied by different types -of grafts. The difference between pre-and postoperative blood flow rate for the saphenous vein graft is P < 0.005, for IMAG P < 0.03. The difference between postoperative blood flow through saphenous vein graft and IMAG is P < 0.02. SBPP, and the 133Xe flow values were all increased after coronary artery bypass surgery. In two patients (patients 11, 13) , the 133Xe flow values and the duration of exercise increased, but the PR-SBPP decreased. In one patient, 133Xe flow and the pulse X systolic blood pressure percent (PR-SBPP) decreased, but the patient was able to exercise for a longer period. In another patient (patient 10), the 133Xe flow increased, but the duration of exercise and PR-SBPP decreased. In one patient with a negative test after surgery (patient 16), the 133Xe flow decreased. The PR-SBPP increased, but the exercise duration remained unchanged. This patient's exercise duration was the longest in the entire group (10 min, 45 sec before surgery and 10 min, 16 sec after surgery).
If only the change in the 133Xe flow and the PR-SBPP are considered, both increased in five patients, both decreased in one patient (14) , the PR-SBPP decreased in three patients who demonstrated increase in the 133Xe flow while in one patient (16) the PR-SBPP increased in the presence of a drop in the 133Xe flow. Abbreviations: Pt = patient; EDV = end-diastolic volume; ESV = end-systolic volume; SV = stroke volume; P = pulse; EF = ejection fraction; EDP-pre = end-diastolic pressure, pre-ventriculogram; EDP-post = end-diastolic pressure, post-ventriculogram.
Discussion
The introduction of inert gases such as 85Kr and '33Xe permitted the use of new methods in the measurement of myocardial blood flow. Both 85Kr and "'IXe are chemically and physiologically inert, highly diffusable through cell membranes, rapidly excreted via the lungs, deliver a negligible absorbed dose and emit radiation suitable for external counting. The extremely short biological half time is responsible for the low gonadal radiation (50 mrad) which is about onetenth of that from a routine abdominal X-ray (about 500 mrad)."' Previous studies of myocardial blood flow measurements based on "33Xe and a single crystal scin--n a) lc 0 tillation counter'3' 14 proved to be disappointing because regional flow could not be determined.
Cannon employed a multicrystal scintillation camera (autofluoroscope) instead of the single crystal detector and provided information on the myocardial flow on selected regions of the heart in normal patients and in those with coronary artery disease.3 He reported a case of normal myocardial blood flow in a region supplied by the implanted internal mammary graft.4 Stokley2 provided further proof of the accuracy of regional myocardial blood flow measurement.
To our knowledge, the present paper represents the first systematic and objective evaluation of regional Pre-and postoperative stroke volume measurement of the left Pre-and postoperative ejection fraction measurement of the left ventricle.
ventricle.
Circulation, Volume 52, July 1975 Pre-and postoperative left ventricular function measurement. EDV, ESV=end-diastolic and end-systolic volume, respectively; EF=ejection fraction; LV gram= left ventricular angiogram.
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The myocardium can obtain a blood supply through the stenotic coronary as well as through the homolateral and contralateral collaterals. The myocardial blood flow will be correctly measured by the '33Xe washout technique in all of these cases. Only in cases where the myocardium is exclusively supplied by contralateral collaterals can the blood flow not be measured unless the radioactive tracer is injected into the feeding artery. All of our 16 patients had a blood flow contribution from the homolateral coronary artery as was confirmed by coronary angiography. Cannon4 also provided evidence that collateral myocardial blood flow can be measured by the 133Xe washout technique.
Our study indicates that there is increase of myocardial blood flow after successful coronary bypass graft surgery, especially after bypass surgery to the LAD. The simultaneous increase of blood flow in the nonbypassed myocardium cannot be explained at the present time. It is plausible that the collateral flow from the circumflex to the stenotic LAD is eliminated by the bypass graft, thus increasing flow to non bypassed regions of the myocardium. Another possibility is that cardiac function is generally improved by the increased blood supply through the graft. Hammermeister and Kennedy have suggested that such an increase can be the result of increased sympathetic stimulus in the immediate postoperative period. 15 However, no firm support for this hypothesis can be derived from our data because the left ventricular function measurements from cine ventriculography remained unchanged. Perhaps some more sophisticated physiologic studies would be necessary to detect more subtle changes.
The Correlation Between the Age of the Left Internal Mammary Artery Graft and the Amount of Blood Flow Through the Graft The improvement of the postoperative myocardial blood flow depends on many factors, among others, the diameter and length of the graft. Our data indicate greater improvement in blood flow with a saphenous bypass graft than with an internal mammary bypass graft. The size of the mammary artery varies considerably, and resistance along its length may be greater than that along a saphenous vein. We have observed on angiography (unpublished data) that the diameter of the mammary artery increases after it is anastomosed to the left anterior descending coronary artery (table 6 ). This growth process may not be completed at the end of 4.4 months, which was the average time of our postoperative angiographic evaluation.
Correlation of Regional Myocardial Blood Flow and Angina Before and After Coronary Bypass Surgery
One of the most important achievements and most consistently documented finding after coronary bypass surgery is the reduction or elimination of angina pectoris. All of our patients with preoperative angina who claimed partial or complete disappearance of angina also showed increased nutrient myocardial blood flow. This suggests that increased *Measured in ml/100 g/min.
Abbreviation: MBF(LAD) = myocardial blood flow in area of left anterior descending coronary artery. myocardial blood flow may be directly or indirectly responsible for the disappearance of this symptom, which is not well understood at the present time. This has been well documented previously."1 Disappearance of angina pectoris can also be accomplished by various medical, psychological, and surgical treatments not directly altering myocardial perfusion.
Correlation Between Myocardial Flow and Left Ventricular Function Before and After Coronary Bypass Surgery Chatterjee`7 documented improved ventricular function in patients with preinfarction angina and chronic angina in two weeks following saphenous bypass grafting. Similar results in the immediate postoperative period were reported by Bourassa.`8 Other investigators found no significant improvement of ventricular function five months or more'9 20 and one year or more after operation.2' Our data are consistent with the findings of the later investigators. No statistical change in left ventricular function was found, except for a decrease of the end-diastolic pressure. It is possible that the decrease of enddiastolic pressure is related to improved myocardial perfusion which leads to disappearance of angina pectoris. Further studies are necessary to evaluate the decreased end-diastolic pressure after surgery.
Correlation of Graded Treadmill Exercise Test and Result of Xenon Flow Studies
Although in half of these cases there is correlation between Xenon flow values and exercise test results, there is no correlation in the remaining half. If the total group is considered, there appears to be no statistically significant correlation between Xenon flow values and the exercise stress test results. Since the exercise stress test relates to the myocardial flow in many regions of the myocardium while the Xenon flow measurements relate to only a small segment, this finding is not surprising. However, further studies may reveal a relationship between these two measures.
